Key insights This article highlights studies that illustrate the utility of genetic and metabolomic profiling, particularly looking at the human dietary requirement for, and the responses to, choline. It discusses the interaction of genes and maternal/infant diet, both of which can alter epigenetic marks that control gene expression throughout life.
Introduction
The obstetrician and pediatrician care for mothers and infants during a period when interactions between diet and genes have very important effects on child development that modulate health status later in life [1] . Scientists are just beginning to understand which components of the diet have such effects, and what the underlying mechanisms for these effects are. At the same time, it is becoming apparent that gene expression modulates metabolic pathways and people can have large differences in metabolism, often reflecting inefficiencies in metabolic Key Messages
• Metabolic variation is a source of variance (noise)
that should be considered in the design of human nutrition research studies.
• Genetic polymorphisms modify dietary requirements by creating metabolic inefficiencies.
• Nutrigenetic profiling can help clinicians to identify people with metabolic inefficiencies. pathways caused by genetic variation. These new knowledge bases are evolving and, within a decade, the catalog of important nutrient-gene interactions should be large enough that it will be used in everyday clinical practice.
Genetic Variation and Gene Expression
When the human genome was sequenced, it was thought that scientists would understand the genetic causes of diseases; unfortunately, the underlying biology was much more complicated than expected. Although all humans share much genetic code, there are many ways whereby people differ: some of these differences result in metabolic variation. Humans inherit, from their ancient ancestors, 'misspellings' of genes (these are called single nucleotide polymorphisms or SNPs); more than 1 million common SNPs are known and each person has approximately 50,000 of them [2] . Many of these SNPs have no known function, but many others alter the expression of critical genes involved in metabolism. In the exonic region of a gene which encodes for a protein, a SNP can lead to a substitution of an amino acid in the protein; this causes a change in structure of the protein and can result in loss or gain of function. In the regulatory region of a gene that contains the switches (transcription factor binding sites) that turn the gene on or off, a SNP can change gene expression and thereby alter the amount of protein available to perform its function in metabolism. Such SNPs often decrease the amount of functional protein because they inhibit gene expression, but some SNPs can increase gene expression if they result in a defective region of the gene that normally acts to inhibit gene expression ( fig. 1 ).
When SNPs occur in genes critical for metabolism, they create metabolic inefficiencies that can influence requirements for, and responses to, a nutrient. This concept is a familiar one in personalized medicine where clinicians are now aware of the effects of SNPs in genes of drug metabolism. There are fast and slow metabolizers of the drug warfarin that can be defined by SNPs, and doses of this drug need to be modified accordingly for optimal outcome [3] . Pertinent to nutrition, there are SNPs that determine whether we have fast or slow metabolism of caffeine [4] , whether we have higher dietary requirements for folate [5] , choline [6, 7] , vitamin C [8] , or vitamin D [8] , and whether we have increased serum cholesterol concentrations after we eat a high-fat meal [9] .
Epigenetic Modulation of Gene Expression
Genetic complexity goes beyond the effects of SNPs. There are marks (small chemical groups) that get added to genes or chromosomal proteins that can modulate gene expression [10] . These epigenetic marks are added to genes during the period starting when a stem cell begins to divide and ending when the daughter cells differentiate; thereafter, they are faithfully copied for the rest of the life of the cell. Because most stem cells enter this critical period during fetal life and perhaps during the first few years after birth, these are the periods of infant development when epigenetic marks are most susceptible to being influenced by the environment, especially by nutrition [11] . This is fortunate because it permits the developmental system to escape the rigidity of genetic coding by switching certain genes on and off, thereby 'retuning' gene expression to achieve some metabolic flexibility. If the world outside the womb does not match expectations, epigenetic mechanisms permit some degree of adaptation. As noted earlier, these epigenetic marks become fixed after early life, and the retuning of metabolism that was helpful in early life, may become a problem when environment or diet changes later in life. This is thought to be one of the underlying mechanisms for how exposures in early life influence disease risks in the adult [11] . Epigenetic marking is such an important process that nature has evolved multiple reinforcing pathways for these processes. Methyl-groups added to cytosine nucleotides in DNA act to attract a set of proteins to their vicinity, and these capping proteins block access for transcription factors that must bind to DNA to turn on gene expression; thus, DNA methylation usually inhibits gene expression ( fig. 2 ). DNA is normally tightly coiled around a series of proteins called histones, and methyl-groups added to lysines in these proteins influence how tightly DNA can be packed in these coils. More methylation leads to more tightly coiled DNA. When DNA is tightly coiled, access is blocked for transcription factors that must bind to DNA to turn on gene expression; thus, gene expression is usually inhibited by histone methylation. DNA methylation and histone methylation are regulated by pathways that talk to each other, and usually are coordinated to result in reinforcing inhibitory signals. The complexity does not end here. Scientists are discovering that there is a third mechanism for epigenetic control of gene expression; there are microRNAs that bind to complementary sequences on genetic DNA and block access for transcription factors needed to turn on the genes [12] . Diet is a potent modulator of epigenetic marks, especially during prenatal and early postnatal life. Diets high in choline, methionine, folate, and vitamins B 6 and B 12 increase DNA and histone methylation, alter gene expression, and can result in permanent changes in development. Feeding pregnant mice a diet high in these nutrients can alter insulin-like growth factor signaling [13] , the color of hair [14, 15] , body weight [14, 16] , and even kinking of the tail [17] in the infants born of these mothers. Later, we discuss how dietary choline during pregnancy in mice influences neurogenesis and angiogenesis in fetal brain [18, 19] .
Concrete examples can help to solidify the implications of research for clinical practice. An excellent example of how nutrigenetic mechanisms influence development is provided by the recent research on the nutrient choline.
Genes, Metabolic Variation and the Requirement for and Responses to Choline
The study of choline provides insight into a varied array of nutrigenetic mechanisms that are clinically relevant for infant development. Choline, a nutrient found in many foods (especially in eggs, milk and meats; see the US Department of Agriculture's list of choline-containing foods at www.nal.usda.gov/fnic/foodcomp/Data/ Choline/Choln02.pdf), is important for making the neurotransmitter acetylcholine, for production of the membrane phospholipids phosphatidylcholine and sphingomyelin, and it is an important source of methyl-groups [reviewed in ref . 20] .
For many years, nutrition scientists thought that humans could meet their needs for choline through a metabolic pathway, present mainly in liver, which forms- phosphatidylcholine (a source of choline) from phosphatidylethanolamine, using S -adenosylmethionine as a methyl-group donor. This pathway is encoded for by the gene PEMT [21] . However, when this idea was tested experimentally, it was observed that men, postmenopausal women and some premenopausal women developed liver and/or muscle damage when fed a low-choline diet [22] [23] [24] . This tissue damage resolved quickly when choline was reintroduced into their diets. Most premenopausal women were different: when they were fed low-choline diets for periods as long as 7 weeks, they did not develop liver or muscle damage [22] . Why are these women resistant to choline deficiency? The explanation lies in the pathway for endogenous synthesis of phosphatidylcholine ( fig. 3 ) ; expression of the gene PEMT is increased by estrogen [25] . It is interesting that this activation of the gene begins at estrogen concentrations present in premenopausal women and is maximal at the higher estrogen concentrations achieved during pregnancy [25] . This is important for the later discussion of how choline is important for fetal development. Why then do some premenopausal women (about 44% [22] ) still need to eat choline despite having this estrogen-activated pathway for forming choline? It is because they have one or more SNPs that increased the dietary requirement for this nutrient [6, 7] . For example, an SNP in a gene important for folate metabolism (MTHFD1) decreased the availability of methyltetrahydrofolate and created an extra demand for betaine (a choline metabolite) an alternative methyl-group donor needed for the formation of methionine from homocysteine [7] . This shunting of choline into betaine formation decreased the availability of choline for making membranes and acetylcholine ( fig. 3 ) . People with two variant alleles for MTHFD1 were 85 ! more likely to develop fatty liver when fed a low-choline diet [7] . Another SNP of interest was in the PEMT gene; this SNP prevents estrogen activation of the gene, thereby preventing the increased expression of this gene that is normally seen in premenopausal women [26] . Women with this SNP were 24 ! more likely to develop fatty liver when fed a low choline diet [7] . This PEMT SNP is very common, with approximately 20% of the North Carolina population having two variant alleles [6] . The cumulative effect of SNPs in genes of choline and 1-carbon metabolic pathways was to create inefficiencies in the metabolism of choline. This could be detected as changes in the small molecules produced by metabolism. Plasma was analyzed using metabolomic profiling methods in people fed a standardized diet containing choline. Differences in plasma metabolites on this baseline diet accurately predicted who would develop fatty liver when these people were switched to a diet low in choline [27] ; thus, people with SNPs were already metabolically different before being challenged. The altered metabolites were not restricted to the obvious expected changes in metabolites directly involved in choline and 1-carbon metabolism, but also included changes in carnitine, lipid, keto and amino acid metabolism [27] .
Choline and Fetal Development
Evidence shows that specific systems in women are designed to deliver choline to the fetus and young infant, suggesting that this nutrient is important for normal human development. First, as noted earlier, young women have a special capacity to form phosphatidylcholine that serves to buffer them from vagaries of diet intake [25, 26] . Second, transport systems in the placenta and mammary gland deliver large amounts of choline from mother to the fetus and infant, respectively [28, 29] . This results in plasma and tissue choline concentrations that are much higher in the fetus and young infant than they are in adults [30, 31] . Unfortunately for the mother, this extra demand for choline provided to the baby increases the choline requirements of the mother and likely exceeds the capacity for endogenous production of choline in the liver [32] .
In rodents, the availability of choline to the fetus is very important for brain (specifically hippocampal) develop- ment. This area of the brain is important for memory function. If pregnant rodents are fed a diet supplemented with choline, their offspring perform as much as 30% better on tests of visuospatial and auditory memory [33] [34] [35] and this improvement lasts for their entire lifetime. Conversely, when pregnant rodents are fed diets low in choline, their offspring have decremented visuospatial and auditory memory [36] . Fetuses from mothers fed a choline-supplemented diet have almost twice the rate of neurogenesis in their hippocampi when compared to fetuses from mothers fed a low choline diet [18, 37, 38] . In addition, fetuses from mothers fed a choline-supplemented diet have half the rate of neuronal apoptosis (programmed cell death) in their hippocampi when compared to fetuses from mothers fed a low choline diet [18, 37, 38] . Thus, maternal ingestion of a high-choline diet during pregnancy increases neuronal proliferation and decreases neuronal death in fetal brain. This may explain the observed effects on memory function. It appears that low choline causes neurons to differentiate and mature earlier, thereby shortening the period during which they can divide [18, 39] . In addition to influencing brain neurogenesis, choline availability has similar effects on brain angiogenesis. Fetuses from mothers fed a choline-supplemented diet have more blood vessels in their hippocampi when compared to fetuses from mothers fed a low choline diet [19] . How could mothers' dietary choline influence fetal brain? As noted earlier, choline is an important source of the methyl-groups needed for epigenetic marking of DNA and histones. Some of the genes that control cell cycling are regulated epigenetically. For example, a gene encoding for an inhibitor of cell cycling (CDKN3) is expressed when the gene is undermethylated, and is suppressed when the gene is methylated [40, 41] . Fetuses from mothers fed a choline-supplemented diet have more highly methylated DNA in CDKN3 in their hippocampi when compared to fetuses from mothers fed a low-choline diet [40] . When CDKN3 is highly methylated the gene is not expressed and an important brake on cell cycling is removed, hence the increased neurogenesis seen in choline-supplemented fetal brain. Thus, maternal diet changes epigenetic marks in fetal brain and this, in turn, changes brain structure and function. This is not the only example of such epigenetic effects on the fetus caused by altering maternal diet. There is a mouse strain that has a gene encoding for kinky tails; this gene is epigenetically regulated and is suppressed when methylated. When pregnant mice are fed a highcholine, high-methionine diet, their offspring had more straight tails, and when pregnant dams are fed a low choline diet their offspring had more permanently kinked tails [17] . For both brain development and tail kinkiness, the epigenetic retuning that occurred when stem cells were dividing became fixed once the cells differentiated and were faithfully copied in all future cell divisions; thus, the effect on the offspring persisted into later life.
The effects of choline during pregnancy may not be limited to the development of the hippocampus. It is interesting that some of the developmental abnormalities characteristic of the fetal alcohol syndrome in rats were diminished if pregnant dams consumed supplemental choline [42] . Choline is important for neural tube closure [43, 44] , and a population-based case-control study in 440 cases and 400 controls in California found that risk for neural tube defects in the baby was significantly reduced in pregnant women consuming diets in the highest quartile for choline and betaine content compared to those consuming the lowest quartile for these nutrients [45] . Similar observations were made for the risk of orofacial clefts [46] . These studies are the first evidence that choline is important for normal brain development in humans, and since neural tube closure involves neurogenesis and migration, these data strongly suggest that the effects of choline on neurogenesis and apoptosis that occur in rodents may well be robust enough to have importance in humans. Unfortunately, prospective randomized control studies are hard to perform in humans, and there are no adequately powered studies that demonstrate an effect of choline during pregnancy on human hippocampal function in babies. One obThus, maternal ingestion of a high-choline diet during pregnancy increases neuronal proliferation and decreases neuronal death in fetal brain.
Unfortunately, prospective randomized control studies are hard to perform in humans, and there are no adequately powered studies that demonstrate an effect of choline during pregnancy on human hippocampal function in babies. servational study [47] reported that there was no association between cord blood choline concentrations and scores on gross intelligence tests in 5-year-olds, but these tests were not designed to detect subtle differences in hippocampal function, and cord blood choline likely does not reflect maternal diet accurately. Future studies need to consider the complex interactions between diet, genetic variation, and epigenetics that lead to choline-mediated effects on brain development. It is possible that only the mothers (or babies?) with SNP-induced metabolic inefficiencies are sensitive to dietary intake of choline. Only a properly designed and powered randomized control trial can determine if choline supplementation has beneficial effects on memory development in humans.
Conclusion
The study of the human requirement for choline and of the actions of choline on brain development provides examples of how studies on metabolic variation can be designed and interpreted. The elucidation of the factors that result in metabolic individuality promises to refine our understanding of how nutrition influences health.
